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Changes in serum triiodothyronine kinetics and hepatic
type I 5'-deiodinase activity of cold-exposed swine

H. LESTER REED, MARILEE QUESADA, ROBERT L. HESSLINK, JR.,
MICHELE M. D'ALESANDRO, MARGUERITE T. HAYS, ROBERT J. CHRISTOPHERSON,
BRIAN V. TURNER, AND BRUCE A. YOUNG
Department of Medicine, Endocrine Service, Madigan Army Medical Center, Tacoma, Washington
98431-5000; Thermal Stress Adaptation Program, Naval Medical Research Institute, Bethesda,
Maryland 20889-5055; Uniformed Services University of the Health Sciences, Bethesda, Maryland
20814-4799; Veterans Affairs Medical Center, Palo Alto, California 94304; and Department of
Animal Science, University of Alberta, Edmonton, Alberta T6G 2P5, Canada

Reed, H. Lester, Marilee Quesada, Robert L. Hess- source of the hormone, should provide information
link, Jr., Michele M. D'Alesandro, Marguerite T. Hays, more applicable than rodent data as a model for human
Robert J. Christopherson, Brian V. Turner, and Bruce physiology and thermoregulation (7).
A. Young. Changes in serum triiodothyronine kinetics and The outer ring 5' iodine of thyroxine (T 4) is removed
hepatic type I 5'-deiodinase activity of cold-exposed swine. Am. to form T3 in peripheral tissues by the enzyme 5'-
J. Physiol. 266 (Endocrinol. Metab. 29): E786-E795, 1994.- deiodinase (5'D). Several forms of this enzyme exist,
Swine exposed to cold air have elevated serum values of total
triiodothyronine (TTO) and free T3 (FT3). To characterize the including type I (5'D-I), found primarily in liver and
mechanism of these increases, we measured in vivo kinetic kidney, and type II (5'D-II), located in brain, pituitary,
parameters after a bolus intravenous injection of 125I-labeled and BAT (14). Six- to eightfold increases in 5'D-II
T3 by use of both multicompartmental (MC) and noncompart- activity of BAT from cold-exposed rodents contribute
mental (NC) methods and in vitro hepatic type I iodothyronine significantly to increased circulating values of T3 in this
5'-deiodinase (5'D-I) activity. Ten ad libitum-fed 5-mo-old species. By contrast, the 5'D-I activity that supplies
boars were divided into two groups, living for 25 days in either circulating T3 under normal conditions in the rat is not
control (22"C) or cold (4°C) conditions. Cold-exposed animals consistently increased with cold exposure (20, 21, 25).
consumed 50% more calories than control animals but showed We therefore hypothesized that if the T3 production rate
no difference in total body weight, percent body fat, or plasma is increased with cold in a species lacking BAT, an
volume. Thyroid gland weight was increased 86% (P < 0.004), alternate hormone source should be present to offset the
as was serum total thyroxine (TT4) (48%), free T4 (FT4) (61%), missing BAT contributions.
TT3 (103%), and FT3 (107%), whereas serum thyrotropin Swine are known to inr-ease energy intake, serum
(TSH) was not different in cold-exposed compared with control
animals. The T3 plasma clearance rate was similar between concentrations of T4 and 1',, and the disposal of T4 with
groups when both MC and NC techniques were used. How- constant cold exposure (12, 13, 16). We studied the
ever, T3 plasma appearance rate (PAR) was elevated in cold- mechanism of increases in serum T3 by comparing both
treated animals 110% over controls by MC (P < 0.001) and the in vivo 125I-labeled T3 degradation and in vitro
83% by NC methods (P < 0.001). The animal total hormone generation of T3 in animals exposed to either 4 or 22*C
pool of T3 was increased 76% (MC) and 53% (NC) compared for 25 days. We hypothesized that an increased serum T3
with control (P<0.01). The Michaelis constant of hepatic concentration would be associated with either a de-
5'D-I was not different between groups, but the maximum creased plasma clearance rate (PCR) and unchanged
enzyme velocity increased (106%; P < 0.02). Therefore cold production rate (PR) or with unchanged PCR and
exposure for 25 days is associated with increased energy increased PR. Because the T4 disposal rate (DR) is
intake, thyroid size, T3 PAR, and hepatic 5'D-I activity with increased in this swine model, we favored an augmented
little change in serum TSH. T3 production to account for the change. Furthermore,
adaptation; noncompartmental methods if hepatic 5'D-I activity were contributing to the el-

_ __ __evated serum T3 concentrations, the activity of this
enzyme should either increase or be unchanged in the

CONSIDERABLE INFORMATION EXISTS regarding the role of presence of increased serum T4.

triiodothyronine (T3) in brown adipose tissue- (BAT)
mediated thermogenesis (25). This specialized adipose MTHODS
tissue contributes significantly to circulating T3 in cold- Animal characteristics and environmental exposure proto-
exposed rodents (25). BAT is found in human infants col. Protocols using 10 mature 5-mo-old boars (Sus scrofa) of
and patients with hibernoma and pheochromocytoma the Large White breed (Pig Improvement, Calgary, AB,
(2). Its role, however, in both adult human thermoregu- Canada), were approved for use by the Committee for the Use
lation (1) and cold-associated increases in T3 production and Care of Animals at the Naval Medical Research Institute,
(23) remains uncertain. Mature swine also lack histologi- Bethesda, MD, and the University of Alberta, Edmonton, AB,

Canada. All studies were carried out in Edmonton fromcal BAT. When this species is exposed to cold, the February to March, 1990.
animals do not possess BAT uncoupling protein as do For - 4 mo preceding the study, all animals were housed in
rodents (29). Thus the influence of cold exposure on the climate-controlled conditions (20 to 250C) and fed a highly
metabolism of T3 in swine, which lack BAT as a possible digestible energy feed ad libitum [ 160 mg protein and 3.2 kcal

E786 0193-1849/ Copyright o the American Physiological Society
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COLD AND T3 KINETICS E787

digestible energy per g dry matter (DM)]. One day before injection of - 36.4 pmol, and the catheter was flushed with an
temperature treatments, the animals were housed in meta- equal volume of the stock heparin solution. Catheter dead
bolic crates within the climate chambers set to thermoneutral space volume was replaced with this heparin solution. Kinetic
conditions (22°C) for familiarization. The floors of the meta- studies with the control and cold-exposed animals were carried
bolic crates were constructed of stainless steel rods 12.7 cm out at the treatment temperatures. The animals were studied
apart with reinforced clear Plexiglas inserts for walls and an in a pattern that alternated tracer injections between control
open top. The floor of the crate was 65 cm from the floor of the and cold-exposed animals to limit between-group methodology
climate chamber, and air freely circulated through the crate differences. The dose vial, syringe, catheter, and three-way
without significant lateral drafts. stopcock arrangement contained < 5% residual radioactivity,

Animals were randomly assigned to the control or cold and the individual dose was corrected for this residue. There
condition. The temperature in the cold chamber was gradually was no group difference with respect to absolute administered
lowered over 5 days to the predetermined value of 4-C, with a dose. Six milliliters of venous blood from the proximal port of
range of 1.8-7.3°C; the control chamber remained at 220C, the catheter were obtained before and at 0.08, 0.25, 0.50, 0.75,
with a range of 20.4-22.8°C. The chambers had floor areas of 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 8.0, 24, and 48 h after injection.
40 and 50 M2 , respectively, and had similar airflow ( < 0.5 m/s) A total of 90 ml of whole blood ( < 2% of the total blood volume)
and relative humidity (45-60%). Cyclic lighting was main- was collected. Blood samples were allowed to clot at room
tained with automatic timers set to illuminate between 0900 temperature for a minimum of 2 h. Serum was separated by
and 2100 h. The animals received water by an automatic centrifugation at room temperature (1,000 g, 10 min) and
nipple fountain and feed through a front end trough ad stored at - 700C.
libitum. The feed contained 3.2 kcal/g, 16% crude protein, and Further animal procedures. Approximately 4.2 days after
92% DM composed of 51% barley, 30% wheat, and 13% the [125I]T 3 kinetic studies, nonfasted animals were weighed,
soybean meal. The animals were weighed weekly in a rolling and blood samples were obtained just before a lethal injection
metabolic cage similar to their chamber crates, a procedure of 0.3 mg/kg T-61 (Hoechst, Regina, SK). Animals were killed
allowing no more than 10 min/wk outside of the treatment in the exposure temperature and were then immediately
environment. The animal groups were matched for weight and
growth rate by allowing energy intake to increase in the transported to the necropsy room.
cold-exposed group to achieve this similarity. Background administered to measure the tissue uptake later at death. As
music, as is customary, was provided to aid in normalization of with the kinetic studies, the animals received saturated KIenvironments. The animals were housed in the temperatu wtrheieicsuis h aiasrciedstrtdKtreatment chambers 25.2 a 2.8 days before the kinetic sur solution orally for the 24 h before death. This second intrave-h sty nous dose of '-36.4 pmol [125I]T 3 (prepared, handled, andand an additional 4.2 ± 0.4 days until necropsy. There was no administered exactly like the kinetic dose) was delivered as
group difference in either the duration of temperature expo- part of a companion study (22). Two animals were killed
sure or time to death. without receiving the second dose. The residual radioactivity

One week before the kinetic studies (see below), two Silastic from the se was cacuaeduto copisec<3.0%
catheters were inserted into the external jugular vein. They from the kinetic study dose was calculated to comprise < 3.0%
were positioned, brought to the surface in the midback regi of the radioactivity found in the liver 3 h after the second
and used for sampling and injecting radiolabeled hormones. injection of [1UI]T3 .
The catheters were maintained patent by flushing with a Pericapsular fat and connective tissue were quickly removed
solution of heparin sodium (100 U/ml) at 12-h intervals. One from the thyroid gland before weighing. The wet weight of the
catheter was positioned distal for injection, and the other one liver and thyroid gland was then obtained. Tissue samples and
was more proximal. This arrangement minimized contamina- homogenates were frozen at -70°C within 20 min of death.
tion of the sampled blood with the injected substances. The Liver homogenates were prepared as described under the
catheters were placed while the animals were given a general methods of the 5'D-I assay.
anesthesia with a 2% halothane-oxygen mixture. Recovery Hormone extraction procedure. The [125I]T 3 radioactivity in
from anesthesia and surgery was verified by normalization of the serum samples and standards was measured as previously
feeding habits and a stable rectal temperature compared with described (24). Briefly, an aliquot of serum was acidified to pH
the preoperative value. Prophylaxis against catheter-related 3.0 with trichloroacetic acid (TCA), extracted with 4 volumes
infection was carried out in all animals with ampicillin (500 mg of 9:1 (vol/vol) ethyl acetate-butanol, and centrifuged at 800 g
iv) every 12 h from the postoperative period until necropsy. to promote phase separation. The 1251 content of the organic

Kinetic experiments. L-3,5,3'- 125I-labeled triiodothyronine phase was determined in a Gamma Trac 1193 counter (TM
([t51]T3 ) was purchased from New England Nuclear (Wilming- Analytic, Elk Grove, IL) with a 75% counting efficiency.
ton, DE; sp act 2,200 Ci/mmol). The purity was confirmed by Aliquots of [125I]T 3 stock, handled in a manner identical with
high-pressure liquid chromatography (HPLC), and it was the serum samples, were used as counting standards as well as
shown that > 98% of 125I was in the form of [125I]T 3 at the time controls for determination of the extraction coefficient. The
of analysis. The radiopharmaceutical was diluted with sterile aqueous phase routinely extracts > 99% of the free iodide by
water and sterilized by filtration through a 0.2-jam filter this technique (24). HPLC separation of the organic phase
(Millipore, Bedford, MA). Thyroidal 12I uptake was blocked by confirmed < 2% of the 1251 to be free iodide or butanol

S the oral ingestion of a volume of saturated potassium iodide nonextractable iodine. This method extracts 81.6 ± 1.5% of
(KI) solution containing 250 ing of KI. This solution was labeled T3 into the organic phase. Serum samples obtained 5
delivered on apple slices given twice a day starting 24 h before min after injection had an extraction coefficient of 81.7 ±
the kinetic protocol and continuing through the 1st day of 0.8%, which was identical to the standard, and confirmed by
sample collection (250 mg iodide per 5 drops; Roxane Laborato- HPLC, to be >98% (125 I]T3.
ris, Columbus, OH) (16, 24). KI was administered to mini- Kinetic analysis. Kinetics of the serum [125IIT 3 data were
mize differences between human and swine kinetic protocols analyzed separately by multicompartmental (MC) and noncom-
(24). PNI]Ts was diluted to a volume of 5 ml with 1% partmental (NC) methods, and the analyses were done by
autologous animal serum 5 rain before injection; it was then different authors. Iterative least-squares curve fitting was
administered to nonfasted animals as a bolus intravenous used in both modeling methods.
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MC analysis was done using the Simulation, Analysis, and Miscellaneous assays. Immediately before injection of [1 5I]T3
Modeling methodology and applying a three-compartment for the kinetic studies, blood samples were obtained for values
mammillary model that has been widely used for T3 kinetics in of serum total thyroxine (TT 4), free T4 (FT4), total T 3 (TT3),
other species. Before analysis, each pig's data were corrected free T3 (FT3 ), thyrotropin (TSH), and Hct. Serum TT4, FT4,
for the measured plasma volume to obtain the percent dose in TT3 , and FT 3 determinations were carried out in quadrupli-
the plasma pool at each point in time. These values were used cate with commercially available radioimmunoassay (RIA) kits
in the model as the content of compartment 1, the circulating that have been previously used with swine (Diagnostic Prod-
[' 51I]T 3 compartment. ucts, Los Angeles, CA) (12). Lower limits of detection for these

The model shown in Fig. 3 is not strictly identifiable in the assays were 4.0 nmol/l, 1.0 pmol/l, 0.11 nmol/l, and 0.77
form illustrated when all parameters are allowed to fit, yet the pmol/l, respectively. The coefficient of variation (CV) of these
separate kinetics of the slow- and fast-exchanging tissues are assays, when repeated samples were analyzed on the same day,
of interest. To handle this problem, a sequence of model fits was < 3.8 and < 5.4% for samples measured on different days. 4
was employed. First, the data for each pig were fitted to two Serum TSH was assayed using a commercially available kit
"limiting" models, in which k0,3 or k0o,2 was fixed at zero, so (TSH-K-PR, CIS-US, Bedford, MA) with specificity for swine
that all exit from the system was from compartment 2 or and sheep (12). This assay has an intra-assay CV of <5.0%.
compartment 3, respectively. These fits provided outer bounds Hct values were measured by microcentrifugation and hemo-
for the kinetic parameters for each pig. Results of this globin values by spectrophotometric analysis.
independent analysis of the two limiting model forms (shown One gram of tissue from a few of the animals (liver, thyroid,
in Table 3) showed that k 2,J differed by only - 10% between the skeletal biceps muscle) was homogenized, as described below,
two extreme solutions. Hence, for the definitive solutions in with tris(hydroxymethyl)aminomethane (Tris) buffer (pH 7.4)
which metabolism in both exchange compartments was exam- and precipitated (pH < 4.0) with TCA. Extraction was carried
ined, k2,1 was fixed at its midpoint in the two limiting solutions. out with 4 volumes of ethyl acetate-butanol 9:1 (vol/vol). The
This left only five a4ustable parameters, so that the model organic solvent was dried with nitrogen, and the iodothy-
was now theoretically identifiable. The results of this final set ronines were separated using HPLC with 30-s collections and
of model solutions were used in the steady-state calculations a flow rate of 1.5-2 ml/min. Ultraviolet spectrophotometry
and in the comparisons with the NC analyses. (Waters, Milford, MA) was used for detection. Stock solutions

The NC kinetic solution for comparison with an earlier of T3, T4, and reverse T3 (rT3 ; Sigma Chemical, St. Louis, MO)
human study (24) was based on a two-exponential fit of the were used to identify migration peaks. Extraction efficiency
serum [lJIT3 decay data for each pig. The eigen values from was monitored using incubations of [12tIIT 3 and was found to
these fits were then used to calculate the NC steady-state be consistent for the samples studied and similar to that for
kinetic parameters (24). serum (- 80%). The relative amounts of iodothyronine found

The steady-state kinetic parameters from both the three- in a single tissue had a pooled between-animal CV range of
compartment and the NC solutions were then multiplied by 12.7-36.5%.
the individual pig's serum T3 levels to calculate the T3 plasma Tissue homogenization. Liver tissue was dissected into 2-g
disappearance rates [which equate to the minimum bound for sections and homogenized in 9 volumes of cold (4°C) Tris
production rate (PR) at steady-state] and the minimum bounds buffer (0.2 M, pH 7.4; Sigma Chemical) containing EDTA (2
for T3 content of the various compartments for the entire mmol/l) and dithiothreitol (DTT; 2 mmol/l) (Buffer A) using a
system (Q). T3 produced and degraded in peripheral tissues Bio-Homogenizer (Biospec Products, Bartlesville, OK). Ali-
without ever entering the blood will not appear in these quots of the homogenates were frozen at - 70°C within 20 min
steady-state calculations. Thus the PR and Q values calculated of death. Tissue samples of liver and thyroid were assayed by
in this study represent lower bounds on Ta production rate and drying at 800C for 24 h to determine percent DM. Kjeldahl
tissue contents. The upper bounds for PR and Q in the digestion was used to estimate crude protein, and lipid content
three-compartmental analyses presented here averaged 28 was analyzed after ether extraction.
and 38% greater in the control and cold-exposed pigs, respec- 5'D-I assay. Measurement of 5'D-1 kinetic parameters was
tively, than the lower bounds for the three-compartmental by modification of the method of Leonard and Rosenberg (17).
solutions presented in RESamTS. This underestimation is even '251-labeled T4 was chosen as the substrate of the assay to
more marked for the NC than for the MC solution method, compare our results with earlier studies carried out with swine

All steady-state parameters were normalized for body weight (3,26,27). L-thyroxine ([125I]T 4; sp act - 1,700 pCi/nmol, New
before statistical analysis. England Nuclear) was used as the substrate for measuring

Plasma volume and body composition measurements. Plasma outer-ring deiodination with commercial purity stated as
volume and body composition were determined -4 days before >95%. This tracer was further purified the day before any
the kinetic studies at 0900-1100 h by injection of Evans blue enzyme determination by passage through a Sephadex G
dye and HgiO, respectively. Plasma samples were collected at 50-125 column (Sigma Chemical) equilibrated with Buffer A.
2, 6, and 24 h for calculation of these distribution spaces. The By use of this technique, substrate radiopharmaceutical was
Evans blue dye concentration was determined spectrophoto- determined by HPLC to be > 97% pure. Unlabeled thyroxine
metrically, and the percent injected dose per liter was ex- (Sigma Chemical) was dissolved in 0.1 N NaOH and diluted
presed for each animal. Extrapolation to time 0 provided with Buffer A. Solutions were made fresh daily and stored at
estimates of plasma volume. Body composition was deter- 4VC.
mined with live body weights and 3H20 distribution spaces The free 125I released from ['2I]T4 was used to measure
(300 pCi/animal; sp act 70.27 ILCi/g, New England Nuclear). enzyme activity of stoichiometric T 4 deiodination, as reported
The 3H20 activity was determined in the same Packard by Pazos-Moura et al. (21). Four months after the isotope
Tri-Carb liquid scintillation analyzer, which has a counting injection studies, tissue homogenates were thawed at room
emcdency of ~ 47%. temperature and centrifuged at 400g for 10 min to remove cell

Body weights were determined I day before injection, and debris. No significant residual 125I from the earlier studies was
hematoft (Het) was measured by microcentrifugation the detectable in the tissue homogenates before the enzyme
day of injection. Blood volume was calculated by (Evans blue assays. However, theoretically, had it been present, it would
disSution space) x [1.0 - (0.96 x Hct/100)]- 1 . have been <0.0002% of the reaction substrate radioactivity.



COLD AND Ts KINETICS E789

The reaction mixture consisted of Buffer A, [1251IT 4 (100,000- Table 1. Total energy intake, organ and body weights,
150,000 cpm), thyroxine (0.5-20 pmol/l), and tissue homog- growth rates, and percent body fat for control and
enate (300-400 ag protein) in a total volume of 500 .lJ, with a cold-exposed animals
pH of 7.0 (6.9-7.1).

Tubes were incubated at 37C in a shaking water bath, and Control Cold
the reaction was terminated after 120 min by the addition of
500 ip! serum and 1,000 l1 10% TCA. The mixture was n 5 5
centrifuged at 1,000 g for 10 min at 4°C, and the radioactivity Body weight, kg 72.2±- 3.2 81.0±3.2Lierwegh, g2.6 ±0.2 3.1±_+0.1"
in the supernatant was determined in the same Gamma Trac Liver weight, kg 2.6 ± 0.2 17.77. 1.
1193 counter (TM Analytic) with a 75% counting efficiency and Lipid content, % 21.7 ± 0.27 22.3 ± 0.30

confirmed by HPLC to be >95% free 125I. Repeated washes Energy intake, g/day 2525±277 3817±216t
recovered > 97% free 1251 from the reaction. The products in Growth rate, kg/day 1.17 ± 0.13 1.02 ± 0.10
the TCA precipitate were extracted with a mixture of ethyl
acetate-butanol (9:1) as previously described (24), and then Values are means ± SE of 5 boars in each treatment temperature
they were separated and identified using HPLC. Nonradioac- after 25 days of exposure to either 22 or 4°C. Wet weights of liver and
tive T8, T~4, and rT8 were used as ontrols for identification of thyroid and %body lipid were determined by in vivo 3H 20 injection,

mean energy intake/day at completion of study, and lineer regression
the peaks. The iodothyronine reaction products generated of growth rate over study period. Significantly different from control:
under these pH and incubation conditions were 92.3% T3, 1.5% *P = 0.051; tP < 0.007.
rT3 , and 5.6% diiodothyronines. Therefore inner ring deiodin-
ation (4), with its subsequent extremely rapid conversion of the controls (P < 0.007), although the body weights and
rT3 to diiodothyronine, should not have accounted for more growth rates were not significantly different between
than - 8.0% of the generated free iodine.

All assays were performed in triplicate along with control groups (Table 1). The percent adipose, calculated from
tubes containing no homogenate. The nonspecific deiodination the body weight of the living pigs, was similar in both
determined in these control tubes was minimal and subtracted groups. The liver weight in the cold group tended to be
as background. The enzyme assays were carried out within 14 greater than in controls but not quite significantly
days of each other with a single animal studied on a given day. greater (P = 0.05 1). The absolute weight of the thyroid
Each animal's homogenate was selected randomly after alter- in cold-exposed animals was 86% greater than in control
nation between control and cold treatment groups. An aliquot animals (P < 0.004). The amounts of protein, lipid, and
of stock homogenate was used to study the effect of freezer water in thyroid and liver tissues were not different
storage (- 700C). No detectable difference could be found in the between control (14, 2.3, and 79% thyroid and 19, 1.1,
activity of the stock homogenate over 1.5 mo of storage, which and 74% liver) and cold-exposed animals (11, 1.8, and
is in agreement with others who report that the enzyme stored
in this manner is stable for up to 1 yr (30). Data were analyzed 83% thyroid and 18, 0.7, and 73% liver), respectively,
by the double reciprocal method of Lineweaver and Burk for when expressed as percentages of wet weight.
estimates of the apparent Michaelia-Menten constant (K,,,) Blood volume and plasma volume were not signifi-
and maximum enzyme velocity (VW..) during the period when cantly different between groups, although the total
the reaction rate was constant. This incubation period used blood volume tended to be greater in the cold-exposed
-10% ofthe substrate and represents the linear portion ofthe group (Table 2). Hct (P < 0.04) and hemoglobin (P <
velocity curve, which is also in agreement with that of others 0.05) were increased in the cold-exposed group com-
(8, 20). A linear model, using least-squares regression, was pared with the control group, suggesting a slight in-
fitted to the individual data. This model correlated well with crease in red cell mass. During exposure of the two
the actual data, indicated by a P < 0.001 level of significance groups to their respective temperatures, the skin tem-
for the majority of fits. A single assay for one animal (B-3) groups o theer res te raurs th skin te
yields the equation [(velocity)- 1 in pmol I-min-1.mg pro- perature of the ear was reduced by 16.5 - 2.3°C in the
tein-1 ] = 1.030 t 0.093 x (substrate in wmol/l)-f +0.999 _.. cold-exposed group (P < 0.0002), whereas the rectal
0.085 (pmol I. nmin-' mg protein-' )- and is representative of temperature was not different between groups.
the assay. The mean CV for triplicate assays was 14.5% for Thyroid hormone values. Serum TT4 [47.31 ± 2.18 vs.
V.,, and 13.5% for K., determination, and these CVs did not 31.96 ± 3.97 nmol/1 (48%)], FT4 [7.59 ± 0.81 vs. 4.72 ±
differ between groups. Protein concentration was measured 0.46 pmol/l (61%)], TT3 [1.43 ± 0.11 vs. 0.70 ± 0.04
spectrophotometrically by the Bradford method. Tissue 5'D-I
activity was identified by 6-n-propyl-2-thiouracil (PTU) (Sigma Table 2. Physiological measurements of temperature,
Chemical) inhibition experiments. PTU, at a concentration of plasma and blood volume, and hematocrit for control
10 mmol/l, inhibited -90% of the 1251 release in this tissue and cold-exposed animals
preparation, thus minimizing the possibility of contributions andcold-eposedanimals
from type II or type III enzyme activity in this assay. Control Cold

Statistical analysis. Comparisons were made across treat-
mont groups with a nonpaired Student's two-tailed t test. TA,° C 34.20 t 0.58 17.75 ± 2.49t
Linea regression was performed for correlation coefficients, T,, -C 38.40 t 0.19 39.20 ± 0.20
and afl analyses were carried out using microcomputer rou- PV, liters 5.67 - 0.38 5.82 ± 0.49
tines (STATPAK version 4.1, Northwest Analytical, Portland, BV, liters 7.92 ± 0.52 8.98 ± 0.73
OR). The data are expressed as means ± SE. P < 0.05 is Hct, % 29.40±1.80 34.40±0.67*
considered significant unless otherwise stated. Hb, g/dl 9.94±0.66 11.62 ± 0.20*

Values are means ± SE of 5 boars in each treatment temperature
RZiOLTS after 25 days of exposure. T.k, ear skin temperature; T,., rectal

temperature; PV, plasma volume determined with Evans blue dye
Physiological and anatomic measurements. The cold- injection; BV, blood volume; Hct, hematocrit; Hb, hemoglobin. Signifi-

esposed animal consumed more dietary energy than cantly different from control: *P < 0.05; tP < 0.0002.

1?
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9 a few animals (n = 1-3 for each assay). The molar ratio
of T4 to T 3 (T4/T3 ) in the tissues from control animals

8 was, for liver, 15.0:1 (1); thyroid, 108.2:1 (1); and
skeletal muscle, 0.059:1 (2). In cold-exposed animals the

7 ratio was, for liver, 7.30:1 (1); thyroid, 37.9:1 (3); and
skeletal muscle, 0.053:1 (1). The cold-exposed animals

0 showed a reduction in T4/T3 by 51.3% for liver, 65.0%
S 6 for thyroid, and 10.2% for skeletal muscle. When the
cc cold treatment changes for liver and thyroid were pooled
Z 5 -and compared with those of muscle, this difference was
U 48.0 ± 6.9% greater for liver and thyroid (P < 0.02).z
0 4 Serum kinetic parameters. The mean serum values
U for the two groups of animals are presented in Fig. 2,
S 3together with a two-exponential fit to the mean data as

S- used with the NC analysis of the data for individual pigs.
2 The compartmental parameters resulting from the

- initial "limiting" fits of the three-compl -+mental model
(Fig. 3) to the serum data are presented in the first two

I segments of Table 3. These values can be considered
outer bounds for these parameters. The third segment

0 of Table 3 shows the compartmental parameters for the
Tr4 FU4 TT3 FT3 TSH model solutions in which we assume a midpoint value

Fig. 1. Values of serum total thyroxine (TT,) in nmol/dl, free for k2,1, with separate solutions of the exit parameters
thyroxine (Fr 4) in pmol/l, total trijodothyronine (TTs) in nmol/l, free from both peripheral compartments. Although there

oero.m (meas SIT) in eah treatment temperature after 25 days of appears to be a trend toward slower exchange rates for
wqoure to either 22 (open bars) or 4C (filled bars). Ts, 1.536 x =lgf= both peripheral compartments in the cold-exposed ani-
nmol; T4 1.287 x j&g - nmoL OP < 0.02; **P < 0.01; ***P < 0.002. mals, this is not statistically significant. However, the

increased rate of exit from the cold-exposed animals'
nmol/l (103%)], and FTs [2.31 ± 0.22 vs. 1.12 ± 0.09 slow-exchange compartments (noted in the third solu-
pmol/l (107%)] increased in the cold-exposed group tion set) is significant (P < 0.05),
compared with control, whereas mean serum TSH Table 4 presents the steady-state kinetic parameters
(5.03 ± 0.19 vs. 4.87 ± 0.25 mU/l) was not different calculated from the third (combined) set of these model
between the groups (Fig. 1). Three tissues were studied parameters for comparison with the results of the NC
for their relative iodothyronine contents of T4 and T3 in model steady-state parameters derived from the eigen

A B
10 10

0

- 0.1 0.1

0.01 I I 0.01
-10 0 10 20 30 40 50 -10 0 10 20 30 40 50

TIME (h) TIME (h)
FI. 2I Vftd mrum [12l-Ts disappearancs curves (means ± SE) expremed as percentage of injected dose/i for 5
esemd aoia (. ... -,A) and ScoaM-deposd animals (-, B).
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T3" Table 4. In vivo serum T3 kinetic parameters of control
and cold-exposed animals calculated by both
multicompartmental and noncompartmental methods

k 12k. Control Cold Exposed
1.2 ~ j IV, l/k9

Compartment I (plasma) 0.079 ± 0.005 0.073 ± 0.008Compartment 2 (fast) 0.16±0.02 0.14-±0.01
Compartment 3 (slow) 0.93 ± 0.09 0.69 ± 0.02*
Total compartmental 1.17 ± 0.11 0.91 ± 0.02*
Noncompartmental 0.95 ± 0.07 0.72 ± 0.04"

Q, nmol/kg
Compartment I (plasma) 0.055±0.001 0.113±0.010t
Compartment 2 (fast) 0.11±0.02 0.22 ± 0.03t

Fig. 3. Three-compartment mammllary model of [tI]T (T3*) with Compartment 3 (slow) 0.65 ± 0.07 1.10 ± 0.10tFogesonig rtmenstmantlsted inoTable 3. (1251 With Total compartmental 0.81 ± 0.07 1.43 ± 0.4tcorresponding rate constants listed in Table 3. Noncompartmental 0.66 ±0.05 1.01 ± 0.06t
PCR, lkg- .day-I

values of the two-exponential fits. The steady-state T3  Compartment 2 (fast) 0.79 ± 0.09 0.68 ± 0.06
content and clearance values, calculated from the steady- Compartment 3 (slow) 0.84 ± 0.09 0.86 ± 0.10
state kinetic parameters and the observed serum Ts Compartmental whole body 1.63±0.17 1.55±0.12Noncompartmental 1.56±--0.15 1.43±--0.10
concentrations, are also presented. The kinetic steady- PAR .nm1. kg- .day- 5
state parameters - the plasma-equivalent volumes of Compartment 2 (fast) 0.56±0.07 1.07±0.11t
distribution (V), plasma clearance rates (PCR), as well Compartment 3 (slow) 0.58± 0.05 1.33±0.13*
as the fractional clearance rates (FCR) and mean resi- Compartmental whole body 1.14 ±0.11 2.40 ± 0.16*
dence times (MRT) - show little, if any, change with Noncompartmental 1.10±0.11 2.01 ± 0.11*

cold exposure. There is a marginally significant (P < Steady-state parameters derived from 3rd set of 3 compartment
0.05) decrease in V in the slow-exchange tissues, which model solutions presented in Table 3 and observed steady-state serum
is balanced by an increase in FCR (P < 0.05) from these tiodothyronine (T) content, presented in comparison with results of

an independent noncompartmental analysis. Plasma-equivalent vol-same tissues. The product of V and FRC is the PCR, ume of distribution (V), T3 content (Q), plasma-equivalent clearance
which remains unchanged with cold exposure. The FCR rate (PCR), and T3 plasma appearance rate (PAR) values represent
and MRT data are given later in the text. minimum bounds (see text) for those values. All results are presented

On the other hand, as might be expected, when V and as means ± SE of 5 animals. Significantly different from control: OP <

PCR are multiplied by the serum T3 concentrations to 0.05; tP < 0.01; *P < 0.001.

calculate the Qs and PRs, the increased circulating Ts
levels in the cold-exposed animals are reflected in marked When the total body results of the three-compartment
increases in Q and PR. and NC solutions are compared, the Vs and PCRs and

their T3 counterparts, the Qs and PRs, are greater with
Table 3. Parameter values resulting from solution of the three-compartment models, as expected. Also, as
three-compartment model noted above, even the MC solution gives only lower

bounds for V, Q, PCR, and PR, the upper bounds being
Control Col 26 and 36% higher in the control and cold-exposed pigs,

AU et from opanment• 2 respectively.
FCR measured in percent per day, which we wouldk,,, 12.9 ± 2.3 7.6 ±- 1.4

kl• 6.0±1.2 3.1 ±0.7 expect to be equivalent in the two methods, is smaller
kaj 2.2± 0.2 1.7 ±0.1 in the MC solutions (cold vs. control): FCR& 504 ± 52
kl. 0.24±0.03 0.23 ±0.02 vs. 512 ± 28; FCRg,0 124 ± 14 vs. 91 ± 5 (P < 0.05);
k2 0.43±0.02 0.44±t0.06 FCRhbol b.0 171 ± 12 vs. 140 ± 6 (P < 0.05);

ALL exit from compartment 3 FCRNc 198 ± 8 vs. 166 ± 10 (P < 0.05). There is a
k%, 11.7 ±2.2 6.8± 1.3 corresponding lengthening of MRT with the MC over
hu 6.1±1.0 3.6 t 0.7 the NC solutions measured in hours: MRTfit 5.0 ± 0.6
k3, 3.1±t0.2 2.6±-0.1 vs. 4.7 ± 0.2; MRTA, 20.3 ± 1.8 vs. 26.8 ± 1.3 (P <
kl,3 0.17 ±0.03 0.15t±0.02 0.05); MRTwho• bod 14.4 ± 0.9 vs. 17.3 ± 0.8 (P < 0.05);
k" 0.063±:t0.003 0.074±t0.008 MRTNc 12.2 ± 0.5 vs. 14.7 ± 1.0 (P < 0.05). These

Eit from both compartments 2 and 3 differences are probably due to the choice of a two-
kzs 12.3:t 2.2 7.2:t 1.3 exponential fit of the data for the NC solutions, which
kL2 6.2:t 1.1 3.4:± 0.7 tends to underemphasize the late flattening of the decay
k• 2.7t ±0.2 2.2t ±0.1 slope.
ax 0.210±0.03 0.18±t0.02 The calculated exoerimental changes were in theS0.21 ± 0.01 0.21 ±- 0.02

S0.038± 0.002 0.052t ±0.003" same direction and of magnitude comparable to the
different model solution methods. We believe, therefore,See mdl (F•g ). Three solutions (h-') are shown, represnting 2 that these discrepancies are not important in interpreta-

eXtrme sobution. and enioilde model resulting when k2,1 was
*ad at Its mldpdint for the individual pig for 2 extreme solutions and tion of the experimental results and, unless specified, we
bthh.k"md kAd wme weowed to fit. P < 0.05vs. control will refer to the NC solutions.

... ., .......... .. . .
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5'D)-1 activity. The Lineweaver-Burk plots support a 30 , ,major effect on V,. shown by the change in the
y-intercept and slope and a minor effect on the Km
represented by the x-intercept (Fig. 4) that are upheld in
the analysis of individual animal parameters. In the 25
cold-exposed group, V.m of 5'D-I was increased to
2.50 ± 0.34 pmol I min- 1. mg protein- 1 compared with
the mean control group value of 1.21 ± 0.25 pmol
I-min- mg protein- 1; P < 0.02. There was no signifi- 20 2
cant difference in Km between cold (2.22 ± 0.33 pmol/l) 1
and control (1.88 ± 0.33 pmol/l) groups. The ratio W 0
expression of V.,./Km (30) was different between groups a 15
and increased - 70% in the cold-exposed swine (P < 0
0.01) compared with control [1.15 ± 0.06 vs. 0.68 ± 0.12
pmol I -min-'. mg protein- I. (pmol/l)-1].

Correlations. A significant positive correlation with a 0
linear regression (n = 10) was determined between PAR o
and thyroid size (r = 0.818, P < 0.002; Fig. 5), between
PAR and serum TT4 (r = 0.761, P < 0.005), and
between PAR and hepatic 5'D-I activity (r = 0.564, P < 5 .x
0.044). Serum TT4 was not significantly correlated with 0.5 1.0 1.5 2.0 2.5
5'D-I activity. T3 PAR

DISCUSSION Fig. 5. Linear least-squares regression (solid line) of individual animal
thyroid gland weight and in vivo plasma appearance rate (PAR,

Twenty-five days of continuous cold exposure doubles nmol d-l-kg-1). Each point represents 1 of 10 individual boars in
serum TT3 , FT3, thyroid weight, T3 PR, and hepatic either control (22°C, 0) or cold (4WC, 0) condition after 25 days. The

95% confidence regions of regression are represented by broken lines5'D-I V.., with smaller increases in TT4 and FT4, (fi0.818, P < 0.002).
whereas serum TSH remains unchanged. Energy intake
increased - 50% in the cold-exposed animals to main- cold-exposed adult male swine involves an increased T3
tain growth rates similar to those of controls. These production, with hepatic 5'D-I probably having a signifi-
findings establish that the physiological response of cant role in this adaptation.

This swine model (6, 11, 16) mimics some human
6 responses. Men exposed to cold (-4-11°C) increase

oxygen utilization. If they are subjected to these tempera-
tures for 12-14 days while partially clothed, thyroidal

5I iodine clearance and serum [125I]T 4 removal increase
(15). Furthermore, as recently reported with this type of
cold exposure, human T3 production and clearance
increase independent of TSH, even though humans

4 have little contribution from BAT (1, 23). Our major
objective was to study the influence of cold on T 3 kinetics
with animals in energy balance. Cold-exposed swine

S3 maintain growth rates by increasing their energy intake
(12, 13, 18); thus feed consumption cannot be isolated
from the other effects of cold in animals fed ad libitum as
done in our study. This study, therefore, cannot sepa-

2 rate the causal relationship between the two variables of
cold exposure and increased energy intake on T3 genera-
tion. The increased energy intake was necessary to
maintain nutritional balance as defined by the similar
amounts of body fat and rates of growth of the two
groups. Calorie restriction, on the other hand, decreases
hepatic T 3 production (27) and in vivo T4 degradation (9)
in swine. Consequently, equalizing the energy intake

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0 between treatments to that of the control group would
result in possibly confounding conditions. Further stud-Fig.E) 4p otyies that limit energy intake during cold exposure will

Fig. 4. i~nemsavor-Burk plots of 5'-daiodinase type I (5'D-I) activity need to be carried out to expand our understanding of
in hopatic hooLgsnates from 5 control (o) and 5 cold-exposed (0) this relationship.
animals. Each eata point represents fitted velocities (means ± SE)
fom tripliate a for each of 5 animals and pooled for each group, The increased serum concentrations of TT3, FT3, and
with mummary regresion lines presented for comparison. TT4 with cold exposure are similar to those reported in
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younger swine living for 3 wk in temperatures betwee.n tissues after administration of a bolus [1251IT 3 dose 3 h
10 and 120C (12, 13). Macardi has shown in thyroidecto- before death, as previously reported (22). The serum-to-
mized swine that increased serum thyroid hormone tissue ratio of the tracer was similar for most tissues,
values are critical for sustaining the increased energy resulting in increases in Qti.u. An exception was subcu-
intake found during cold exposure (18). Taken together, taneous hip fat, which showed an increased uptake even
these earlier observations and our findings support the though the extraction coefficient was constant, suggest-
hypothesis that increases in thyroid hormone produc- ing a subtle tissue-dependent distribution effect not
tion are adaptive physiological responses to cold expo- detectable with our NC analysis of the kinetic data. The
sure associated with increased energy intake and a three-compartmental analysis using fast, slow, and
normal growth rate. plasma compartments suggests that the increase in the

Contrary to Herpin et al. (12), we do not find a tissue FCR of T3 noted in the NC solution is due to the
significant difference in the TSH values between the slowly exchanging tissues such as fat. The increase of in
groups. Animal maturity, circadian fluctuation, or en- vivo plasma T3 appearance rate that we describe may be
ergy balance at the time of death may account for this associated with either increasing thyroidal T3 produc-
discrepancy between studies in serum TSH concentra- tion or with an augmented peripheral production of T 3
tions. Alternatively, homeostatic feedback should result by 5'D-I. Factors such as immunoglobulins (19) or
in decreased serum TSH when circulating free T4 is sympathetic nervous system stimulation that may shift
markedly elevated, suggesting the possibility of de- thyroid gland or peripheral 5'D-I hormonogenesis to
creased pituitary sensitivity in both studies. Conversely, favor T3 production have not been eliminated by this
thyroidal enlargement may be mediated by small changes study.
in TSH, antibodies to the TSH receptor, or the sensitiv- The relative tissue content of T4 and T 3 appears to
ity of the gland to growth factors. Unfortunately, we change with cold exposure in two of the three tissues
have no histological assessment of these glands to help studied (liver and thyroid). The tissue uptake of T4 is not
clarify the mechanism of enlargement. The sensitivity of likely decreased by cold air treatment (6), and T3 uptake
this porcine TSH assay may not be sufficient to detect is not increased from these tissues using our compart-
small differences between groups, and thus subtle mental analysis or in vitro techniques (22). The appar-
changes may be missed. ent decline (- 50%) in T4/T3 implies either increased

The elimination rate of [125I]T 4 doubles if energy tissue production of T3, increased degradation of T4, or
intake is allowed to increase in 8- to 12-wk-old swine both. The two tissues that decrease this ratio are liver
exposed to cold (8-C) for 4 days (6). However, when bothyroid, uesth dcreave very rftive 5iver
energy intake is restricted to that of the control period and thyroid, both of which have ,very effective 5D-I
the T4 removal rate with cold is also similar to that of the activity. Swine skeletal muscle, on the other hand, has
control period (6, 16). Because increased energy intake only -3% the activity per gram of protein as swine liver
is required by swine during exposure to cold, then these (26) and shows little change during the same period of
data reported by both Evans and Ingram (6) and Ingram cold exposure. These preliminary results suggest to us
and Kaciuba-Uscilko (16) are in general agreement with that the thyroid with its 5'D-I activity may have a
human studies by Suda et al. (28) and with swine studies significant role in contributing to the increased in vivo
by Griggio and Ingram (9). These findings may be T3 production rate found in the present study.
explained by a degree of environmental undernutrition We are not able to distinguish the sequence for
interacting with cold exposure to result in a relatively increasing T4 (6) and T3 production in swine fed ad
decreased T4 plasma clearance rate, a mechanism possi- libitum. Two possibilities seem likely: 1) the in,-reased
bly mediated by decreased 5'D-I activity. Gastrointesti- serum T4 production stimulates an increase in 5'D-I
nal loss of conjugated T4 and T3 through bile secretion is activity and production of T 3, or 2) increased 5'D-I
usually small but may increase in parallel with energy activity stimulated by a circulating substance increases
intake and therefore represent another possible mecha- T 3 production in tissues with known 5'D-I activity such
nism to explain these changes. as liver, kidney, and thyroid, whereas the thyroid alone,

The serum [12I]T3 kinetic parameters in our study responding as if to TSH, also produces T 4.
are difficult to compare with other published porcine The activity of 5'D-I is PTU sensitive, whereas type II
data (5, 9). These earlier studies used less mature iodothyronine 5'-deiodinase activity is relatively unaf-
animals and terminated the experiment 3 h after injec- fected by PTU (8). PTU inhibition of the enzyme that we
tion, reporting only a single rate constant. This type of assayed characterizes it predominately as type I, which
analysis is limited by a single distribution rate constant is commonly found to be decreased in fasted swine (27).
model for T8 kinetics. The more complex kinetics of T3, Type I enzyme activity in rodents is increased with
with slow or late plasma disappearance, is not accounted hyperthyroidism, decreased with hypothyroidism, and
for in earlier reports (Fig. 2) (5, 9). The values for variable with cold exposure (20, 21). A cold stimulus and
control swine that we provide using NC techniques are fixed T4 replacement in hypothyroid animals increases
similar to canine and feline values calculated over a 5'D-I even though serum T4 values may be very low,
period to include both rate constants by use of MC suggesting that the regulation with cold exposure is not
techniques (10). dependent on increased circulating T4 concentrations

The major increase in T3 Q in the face of little or no (20). In contrast, however, Pazos-Moura et al. (21)
change in V is supported by the in vitro assay of these found no change in hepatic 5'D-I activity compared with
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large changes in BAT 5'D-II activity of iodine-deficient In conclusion, we report that, after 25 days of cold
rats replaced with iodine and exposed to cold. exposure, T3 production was increased along with thyroi-

Our values for V.../K, [0.68 ± 0.12 pmol I. rmin- . mg dal size and the deiodination of thyroxine by hepatic
protein-I. (pmol/l)- I in the control group] are in general 5'D-I. During cold exposure, increased serum T4 concen-
agreement with values determined in swine up to age 42 trations and thyroid weights were not associated with
days (26), where thyroxine was also used as a substrate changes in serum TSH. Further study is required to
for this enzyme. Differences in Vm. between studies completely understand the time course of trophic events
may depend on the age of the animals (26) and the state and the target tissue relevance of these findings.
of nutrition at death because only moderate energy We thank Everett Dixon, Fran Hoeksema, David McKinnay, Jack
restriction results in "an approximately threefold de- Francis, Paul Gregory, Sam Castro, and Geraldine Licauco for their
crease in the net T3 produced by the liver homogenates" technical assistance, Munnazza Malik for HPLC determinations, Drs.
(27). These earlier studies also differ from our own in Inder Chopra and Louis Homer for discussion of the 5'D-I assay, Dr.
that the reaction product T3 was measured by RIA (3, Beth Walker for mathematical modeling of energy requirements, and

Patricia Mullinix and Christine Reed for manuscript preparation.
26, 27), possibly contributing to the substantial within- Experiments reported herein were conducted according to the

group variability of adult animals (26). principles set forth in the Guide for the Care and Use of Laboratory

Hepatic and renal contributions to daily T 3 in vivo Animals, Institute of Laboratory Animal Resources, National Re-
search Council, DHHS Publication (NIH) 86-23 (1985).

production have been reported to be between 50 and The opinions expressed herein are those of the authors and are not

80% (14). Because the liver and kidneys together are to be construed as reflecting the views of the Department of Veterans
thought to account for the majority of the fast- Affairs, the Department of Defense, or the Departments of the Navy or

exchanging tissues assessed in the three-compartment the Army. This work was supported in part by US Navy Research and
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